Purpose: To investigate infant tear film secretion and protein profile, and to compare major tear proteins, such as immunoglobulin A, lactoferrin, and lysozyme, with those of adult controls.
T he infant tear film has been of interest in its quantitative aspects for many years, and several studies have shown that newborns have aqueous production 1,2 sufficient to maintain clear vision and moisten the ocular surface. More recent research has shown a remarkable infant tear film quality, which is reflected in a very low blink rate, typically 2-3 blinks per minute 3 and an outstanding tear breakup time of 32.5 6 5.2 (mean 6 SD) seconds. 4 This performance may be because of a thicker lipid layer 4 combined with superior biophysical properties 5 compared with that in adults. Parallel to the superior lipid layer, an increase in mucus expression in infant tears, with the example of MUC5AC, has been described recently. 6 However, infant tear protein content has not been studied as much as the tear film in adults because of the difficulty of collecting from the tear film without provoking reflex tearing and a dilution of the protein content. Proteins regulate important tear functions such as defense 7 and stability in the lipid-aqueous interface. 8 The aim of this study was to investigate the newborn tear film by analyzing the protein profile and the concentration of the major proteins, such as immunoglobulin (Ig) A, lactoferrin, and lysozyme in unstimulated infant tears.
MATERIALS AND METHODS

Subjects
Tear samples were collected from 40 full-term newborn infants (21 male infants and 19 female infants) within the first 48 hours of birth (weight and age in Table 1 ). Fourteen of these newborn infants (6 male infants and 8 female infants) were presented within the next 4 months for a second collection. During sample collection, the infants were resting in a cot or were held by a parent. If an infant was alert, their eyelids were not kept open manually.
Twenty-two adult subjects (12 men and 10 women, mean age: 24.95 6 3.63 years) were recruited as a control group from members of staff and students of Cardiff University. Subjects were excluded if they had a systemic or ocular surface disease, took medication known to affect the ocular surface, wore contact lenses, suffered from an allergy, were pregnant, or had dry eye. Dry eye was assessed using a modified McMonnies questionnaire 9 and defined when one of its described symptoms (soreness, scratchiness, dryness, grittiness, and burning) was found to be present and when a fluorescein breakup time of less than 5 seconds was observed. This stringent breakup time limit was chosen to decrease the probability of including subjects with deficient tear volumes. Ethical approval was obtained from the Central and Local Office for Research Ethics Committees (reference number: 04/WSE02/125; date: 8/11/2004), and informed consent was obtained from all adult subjects and infant subjects' parents before participation.
Tear Collection
Tears were collected with flexible rods of 2-mm diameter and 10-mm length, made of cellulose acetate (Filtrona, Hamburg, Germany). The safety and collection efficiency of the cellulose rods had been approved in previous experiments. 10 Before use, rods were disinfected by 5 minutes of exposure to UV light. The cellulose rod was held, with forceps, close to the lower eyelid, and the tip was gently touching the tear meniscus at the lower eyelid using our previously published protocol. 10 Tear collection was restricted to a maximum of 2 minutes. During the collection, the eyelids were allowed to close for blinking every 5 seconds to minimize the stress on the infant and to minimize reflex tearing. A sample was collected from the right eye only.
Tear Analysis
After tear collection, the rods were placed in a sealed 0.2-mL Eppendorf tube and kept on ice. All samples were processed on the same day. To extract the sample, a small hole was cut in the tip of the 0.2-mL tube, which was then placed in a larger 0.5-mL tube. This combination was then centrifuged at 15000g, 4°C for 3 minutes. 10 Each sample was first assessed for volume, and if sufficient tear volume was obtained, the required volume was subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with blue staining (Pierce Biotechnology, Inc, Rockford, IL).
Duplicate undiluted aliquots of 0.5 mL of samples were subjected nondenatured to SDS-PAGE to obtain IgA as a single band, as described previously. 10 In summary, resolving gels were produced in the laboratory from 8%-12%, starting with 8% on the top (Fig. 1) . A modified coomassie blue stain (Pierce Biotechnology, Inc) was used for visualization of protein bands. Major proteins, tear-specific IgA, lactoferrin, and lysozyme, were identified by their molecular weight compared with a marker (250-10 kDa) and their reference standards run on the gels: human secretory IgA (1.8 mg/mL), human milk lactoferrin 2.5 mg/mL, hen egg lysozyme 2.5 mg/mL (all from Sigma-Aldrich, Co, Gillingham, United Kingdom) and IgM (1 mg/mL from Autogen Bioclear, Wiltshire, United Kingdom). All gels were measured by scanning densitometry (Epson Expression 1680 Pro; Hermel Hempstead, United Kingdom and Image Acquisition and Analysis software; Ultra-Violet Products, Cambridge, United Kingdom). Western blotting was used to verify IgA and to differentiate it from IgM ( Fig. 2 ) and serum albumin (primary antibodies for all 3 from Sigma-Aldrich, Co). Representative samples from adults, molecular weight marker, and standards were subjected to Western blotting. IgM was prevalent in the uppermost band on the stacking gel. Western blotting was also used to verify the location of lipocalin (primary antibody against recombinant lipocalin 2 from R&D systems, Abingdon, Oxfordshire, United Kingdom) on representative samples. Duplicate aliquots of 1 mL were analyzed for total protein content by the Bradford method (Bradford, 1976) following the kit directions for microanalysis (Pierce Biotechnology, Inc).
Statistical Analysis
For statistical analysis, SPSS 14 was used. Before analysis, data were checked for normality and appropriate parametric or nonparametric tests used. contained a tear sample with a median interquartile range (IQR) tear volume of 0.5 mL (IQR: 0.6-2 mL). All collections from the infants at an older age contained samples with a median tear volume of 2.5 mL (IQR: 1.4-7.75 mL). When comparing the tear volumes collected from the infants at a newborn age with a median of 1.1 mL (IQR: 0.4-2.38 mL) with the tear volume collected from the same infants at the older age, a significant difference was found (P = 0.01, Wilcoxon signed rank test). In comparison to infant tears, the median tear volume in adults was 6 mL (IQR: 2.73-12.75 mL). A significant difference was found (P , 0.001, Kruskall-Wallis test) between these groups, and specifically, between the volumes obtained in the first and second collections of the newborns (P , 0.001, Mann-Whitney test). Samples from 22 newborns, 13 of the infants at an older age, and 19 adults were subjected to SDS-PAGE. Figure 1 shows the variety of protein bands found in 2 representative infant samples. Mean IgA concentrations were observed and found to differ significantly between the 3 subject groups [P = 0.001, analysis of variance (ANOVA); P , 0.05, Bonferroni] ( Fig. 3) . No difference in lactoferrin concentration (P = 0.05, ANOVA 1-way) or lysozyme concentration (P = 0.131, ANOVA) between the subject groups was identified ( Fig. 3) . However, the lysozyme concentration in infants showed a larger variation than that in adults. The mean protein concentration in the newborns (n = 8) was 10.95 6 5.51 (mg/mL 6 SD) and was 12.93 6 3.99 in the older infants (n = 11). The tear protein concentrations tested of the 8 newborns and their second collection at an older age were statistically not correlated, and no difference was found (P . 0.05, paired samples correlations and P . 0.05, paired t test). The 2 groups were treated as unrelated. In adults (n = 9), the total protein concentration was 13.04 6 3.46 (mg/mL 6 SD). No significant difference (P . 0.5, ANOVA) was found in the protein concentrations between any of the groups.
RESULTS
Observing protein profiles on SDS-PAGE, lipocalin bands were identified in 36% of the samples from newborns, 54% of older infants' samples, and 100% of adults. Serum albumin was absent in all adult samples (perhaps because of poor sensitivity of the gel stain for low protein concentrations) but was displayed in 86% of newborn and 54% of older fullterm samples. In adults, no IgM band was observed, whereas 55% of newborn and 31% of older infant gel images displayed an IgM band.
DISCUSSION
This study has found that, at birth, newborn infants have a lower tear volume than adults but that there seems to be a rapid increase to adult levels after birth. No difference was found between newborn and adult total protein concentrations, but there were differences in protein profile and major protein concentrations.
Tears were collected in all subjects, except for 9 (22.5%) of the newborns where this was not possible. If this was caused by the collection technique being unable to collect tears in some of the subjects, then it would be expected to have a similar high number of failed collections in the other groups, which did not occur. Instead, a late onset of tear secretion is more likely to have caused the lack of large collection volume. This is in agreement with Sjogren 1 who found alacrimy in 13% of full-term newborns, which decreased to only 3% of the subjects in 1-7 weeks. Many studies have looked at tear secretion rate, but a comparison of collection volume is difficult because most used Schirmer paper, an invasive method used over 5 minutes. 2 Isenberg et al 11 found a secretion from full-term infants of 9.2 (64.3) mm measured with topical anesthetics, and 13.2 (66.5) mm without. These values approach the normal secretion for adults. The IgA concentration was lowest in full-term newborn infants. Only 1 investigator previously has measured the total protein concentration of infants, and they also found IgA at very low concentrations. 12 This has led some investigators to believe that infants are essentially IgA free. 13 However, these reports are not recent, and they may have used less sensitive assays for large tear volumes. IgA concentration decreases with stimulation, 14 which may have occurred with the larger tear volume samples. In this study, small sample sizes and minimizing reflex tearing, indicated that there was no dilution effect on the IgA findings.
Lactoferrin is a tear protein, also present in milk. 15 In adults, its concentration is 0.8-1.48 mg/mL and decreases with age. 16 In patients with dry eye, lactoferrin is usually altered compared with healthy subjects. 17 In this study, infant lactoferrin concentration showed no difference to that of adults. This is the first time that lactoferrin concentrations in infants have been measured. Lysozyme in infant tears was first identified in 1963. 18 Its concentration cannot diminish by stimulation, 14 which may be the reason why it attracted those researchers' attention who used the invasive collection technique of Schirmer paper strips. A wide range of lysozyme concentrations has been reported in the literature (1.1, 1.6, 12 and 1.118 mg/mL 19 ) . The current study also showed a large concentration variability (as suggested by the large SD) between infant tears. This may be because of uncontrolled factors such as feeding and sleeping patterns. Similarly interesting was the absence of lipocalin in some infant samples. Lipocalin originates in the lacrimal gland, and its production is under the same regulation as lysozyme. 20 Lipocalin contributes to the spread of the superficial lipid layer. 21 There is a need for further investigation because previous research with healthy infants has identified highquality lipid layers with improved blink rates. 3 Serum albumin has been demonstrated in infants, 18 but this is the first report of identification in unstimulated tears. Serum albumin is not locally produced but derived from conjunctival blood vessels. In adults, its concentration is very low but rises in closed eye tears 22 and with dry eye. 23 There is also a marked decrease in concentration with stimulation from 0.042 6 0.012 to 0.012 6 0.004 mg/mL. 24 Considering that the infant tear film is superior in its lipid and mucus content, it is unlikely that the high concentration of serum albumin in infants is caused by underdeveloped or leaking lacrimal blood vessels during tear secretion. High-intensity serum albumin bands on gel electrophoresis may be related to typical infant sleeping phases.
IgM has been found in very small concentrations in adult tears using sensitive high-performance liquid chromatography methodology, 24 but because of its low abundance, it is not detectable in adult tears by blue staining in gel electrophoresis.
Thus, it was not expected to be found in infant tears. However, a band on the top of the gel proved the existence of this protein in the quantity that is comparable to the other major proteins. In infants, IgM may reach the tear fluid via ocular surface vessels, 25 possibly alongside serum albumin, but this would be unusual because IgM is a large molecule that cannot diffuse well. Further exploration of the source of inflammatory antibodies such as IgM and determination of the diagnostic value of tear protein testing are required.
The results from this study are helpful in understanding more about the development of the tear film during infancy. However, there are some methodological issues that limit the conclusions. The protein concentration determined from gel electrophoresis is only a semiquantitative method, and Western blotting was used only to verify the presence of the specific protein. Using a noninvasive tear collection technique with a flexible soft rod, which is comfortable to control, helped to win trust of the parent and hence enable recruitment. However, the time point for collection of the repeat measurement of these newborn infants depends on the infant's health and the parents availability to participate, resulting in the repeat measurement being spread over the first 4 months of life.
In conclusion, newborn tear secretion is low but increases significantly within early infancy. Interesting differences in tear protein profiles were identified between infant and adult tears, including variations in lysozyme and lipocalin concentrations. This insight into infant tear protein offers many new ideas for future research. The investigation of protein profile in premature infants with respect to maturity and a comparison to full-term infants may help to provide a better understanding of tear secretion development.
